Metabolomics provides rich datasets for systems biology. Mass spectrometric (MS) techniques are rapidly gaining in importance for untargeted metabolic profiling. In this review, we survey the various techniques for sample preparation and analysis relating to the various MS techniques and illustrate the potential of these techniques for both observing complete metabolomes and detecting changes in the metabolism resulting from genetic mutation of other perturbations. The use of some of these techniques in the study of model organisms including rodent and various invertebrate models is described. The invertebrate systems are of particular interest since such organisms have valuable mutant resources, such as RNAi panels directed against nearly all the genes in the genome. The demonstration that they are readily compatible with metabolomic approaches is particularly important for systems approaches to metabolic pathways.
INTRODUCTION
The purpose of this review is to provide a short overview of the technologies available for metabolomic studies, with their strengths and limitations. Additionally, the application of metabolomics some model organisms will be surveyed.
METABOLISM AND METABOLOMICS
Metabolomics in plants has been pursued for longer and more intensively than studies in other systems [1] [2] [3] , but plants have unique metabolites which are only present in higher organisms as xenobiotics. It is easier to work with systems where the biological and environmental variables are easier to control, such as model animals or cell cultures. For this reason, in order to consider a number of studies in reasonable depth we have drawn a, not altogether artificial, distinction between simple model systems and the metabolically distinct plant systems and the human systems, where controlling the variables involved in sample collection can be difficult.
The terms metabolomics and metabonomics are often used interchangeably they both belong in the group of 'omics' technologies. In sequence genomics identifies genes, transcriptomics indicates which genes are being converted into RNA, proteomics indicates whether or not the RNA is translated into protein and then further downstream what posttranslation modifications are made to the protein and finally metabolomics/metabonomics indicates whether or not protein expression results in metabolic changes [3] [4] [5] .
Metabonomics has been defined as: 'quantitative measurement of time-related multiparametric metabolic responses of multicellular systems to pathophysiological stimuli or genetic modification' [6] .
Metabolomics can be defined by quoting Fiehn: 'A comprehensive and quantitative analysis of all metabolites could help researchers understand such (biological) systems. Since such an analysis reveals the metabolome of the biological system under study, this approach should be called metabolomics' [5] .
There is actually a distinction to be made here which is that, metabonomics will tend to look at a smaller set of metabolites i.e. those which have changed as the result of a stimulus whereas metabolomics aims to maximize the coverage of a metabolome so that all metabolites can be seen much in the way the genetic sequencing aims to cover the entire genome. However, the terms are so often used interchangeably and metabolomics seems to be the more popular term. Thus in the current review metabolomics will be used, while being mindful of its distinction from metabonomics outlined above. Since the range of metabolites covered by metabolomics is so broad, certain specialist branches of metabolomics, such as lipidomics and glycomics, have also evolved [7] [8] [9] .
This review covers applications of mass spectrometry (MS) in some non-human model systems of global metabolism. Most of the initial metabolomic work was carried out by using nuclear magnetic resonance (NMR) spectroscopy. NMR continues to advance through increases in the power of magnets and of the introduction of capillary and cryogenic probes in order to enhance both the sensitivity and resolution [10, 11] .
MS TECHNIQUES IN METABOLISM AND METABOLOMICS Gas chromatography MS (GC^MS)
GC-MS is a very versatile technique for compounds which are volatile, or which can be rendered volatile. The applications and future developments of GC-MS in metabolomic studies have recently been reviewed [12] [13] [14] . The important characteristics of GC-MS are as follows:
It generally uses electron impact as a mode of ionization, which promotes efficient ionization of non-polar compounds (such as hydrocarbons and fatty acids) which are either not ionized or are poorly ionized under the commonly used electrospray ionization (ESI) conditions used in LC-MS. Electron impact (EI) spectra are information-rich and very extensive libraries have been compiled, against which unknowns can be matched. GC-MS tends to have very high sensitivity since the solvent background, which is present in LC-MS, is absent; the mobile phase in GC-MS is generally the inert gas helium. A capillary GC column has typically about 10 times the resolving power of a typical HPLC column.
GC injection systems and columns
Split/splitless injectors are most commonly used to load samples into the GC-MS system. Where there is no sensitivity issue, the split mode is used since it is easier to achieve focusing of the sample at the head of the column. Here, a large proportion (e.g. 95%) of the solvent cloud produced upon injection (which can be up to 0.5 ml) is vented while the rest of the sample is transferred to the column. In order to achieve rapid evaporation of the sample, the injection port is generally held at around 250 C, causing flash evaporation of the sample. The starting column temperature is usually held at a low value e.g. 50 C, to ensure the re-condensation and focusing of the more volatile components in the sample at the head of the column. The sample in the injector port is introduced into a glass or quartz liner; and since not all the sample is volatile, deposits may build up within liner, so it has to be cleaned or replaced regularly to ensure optimal chromatographic performance. Since the mobile phase in GC is inert, it is only the interactions of the analyte with the stationary phase that provide the selectivity. Compounds elute from the GC column in order of volatility with elution being assisted by a gradually increasing temperature.
The most commonly used columns in GC analysis are polyamide coated fused silica columns, which are coated with wall-bonded stationary phases. The main selectivity of stationary phases is based on polarity, and bonded phases range from very weakly polar methylsilicone phases e.g. BP-1, Rtx-1 and DB-1 through to very polar phases based on polyethylene glycol (PEG) such as DB-wax or Stabiliwax. The polar PEG phases are less thermally stable than the wall-bonded silicone based phases. Between these two extremes there are phases with varying amounts of phenyl silicone incorporated into the methyl silicone polymer and % incorporation is generally denoted by a number; e.g. DB-5 contains 5% phenyl silicone, DB-20 contains 20% phenyl silicone. Cyanopropyl is also used in some columns to increase polarity. The order of elution of components from a methyl silicone column is roughly in order of molecular weight and from a polar column polarity governs elution order and thus a relatively low MW alcohol can elute after a higher MW hydrocarbon. The silicone polymer based phases are stable up to around 350 C and can routinely be held for prolonged isothermal periods at 320 C without too much background bleed occurring. Capillary columns usually have an i.d. between 0.1 and 0.5 mm; the wider bore columns have increased sample capacity while narrower columns have superior transverse diffusion characteristics and thus offer higher resolution. The wall coatings range between 0.1 and 3 mm in thickness but for most purposes coatings between 0.1 and 0.5 mm are used. Doubling the thickness of the coating approximately doubles the retention time of an analyte, all other factors being held constant. Column lengths range between 10 and 60 m. GC Â GC in combination with time of flight ion separation is becoming increasingly popular in metabolomic studies. In GC Â GC two columns are used in series and are connected via a thermo-modulator that condenses the eluent from column 1, moves upstream and then re-evaporates it so that it is transferred to column 2. The process may be carried out within the same GC oven or may use two separate GC ovens. Typically the process uses a relatively long first dimension column e.g. 30 m Â 0.25 mm i.d. connected to a short second dimension column e.g. 1.5 m Â 0.1 mm i.d. The modulation period is usually 3-4 s, corresponding to the time taken for the fractions condensed from the first column to pass through the second column. Usually the first column is a non-polar DB-1 type phase and the second short column is more polar. The technique produces very narrow peaks of 0.1-0.6 s thus boosting sensitivity. The combination with TOF separation is ideal because of the rapid data acquisition provided by this technique. The technique has been recently comprehensively reviewed [12] [13] [14] .
Derivatization
Some compounds are naturally volatile, but many molecules require derivatization before analysis by GC-MS. The derivatization process can itself contribute to the chromatographic peaks observed, since the derivatising agent is usually in great excess compared to the analytes. Fatty acids and Krebs cycle acids are often converted to their methyl esters by treatment with BF 3 -methanol or 3% v/v acetyl chloride in methanol; this is a relatively 'clean' derivatization process. A more general derivatization method is trimethylsilylation which derivatizes acids, alcohols and to some extent amines to form trimethylsilyl (TMS) ethers and esters. Trimethyl silylation, combined with methoximation (which produces stable derivatives with aldehydes and ketones), offers a useful general method suitable for the analysis of amino acids, sugars, polyols, Krebs cycle acids and fatty acids [15] . There are some disadvantages to TMS derivatization: the reagent can contaminate the mass spectrometer and it has to be cleaned quite frequently; the reagents themselves produce peaks; and some groups such as amines, amides and indoles form unstable or multiple derivatives which complicate the analysis. There are a number of other derivatization strategies to choose from [16, 17] and different approaches might be used to maximize information in a metabolomics experiment.
Ionization modes in GC^MS
EI is the technique most commonly used with GC. However, some complex molecules fragment extensively and if quantification of very low levels of compound is required it may be an advantage to use soft-ionization techniques such as positive or negative chemical ionization. A very high level of sensitivity can be achieved with negative ion chemical ionization [18] .
Ion separation methods
Single quadrupole GC-MS instruments are excellent for metabolite profiling of high abundance compounds such as sugars and fatty acids, and are also very effective for quantification of target metabolites when used in selected ion monitoring mode. Ion trap instruments offer the advantage that fragmentation can be selectively carried out on low level peaks to aid in identification. Ion traps work by trapping ions within an electrostatic field, so a particular ion of interest can be retained for fragmentation while ions of no interest are selectively ejected. Combination of GC with the high-resolution ion separation [19] afforded by time of flight separation potentially has the greatest power for metabolomic studies where minor peaks could be obtained with accurate mass measurement. It is thus possible to deconvolute minor peaks and their fragment ions from major overlapping peaks. Soft ionization techniques in combination with GCTOF would also be very powerful and would produce simpler data than EI.
Liquid chromatography MS (LC^MS)

Ionization methods
The most common ionization method used in conjunction with LC is ESI. ESI can be operated in either positive or negative ion mode. While ESI is not a universal ionization technique, it gives coverage across a wide range of molecules. ESI is most sensitive to bases which give very strong signals in positive ion mode because they are readily protonated. Other groups that protonate efficiently include ketones and ethers. Compounds containing alcohol groups alone do not protonate particularly efficiently in positive ion ESI; thus for instance glucose and other sugars do not generally give strong signals in positive ESI mode, although complexation with metals can improve this [20] . Sugars are better observed in negative ion mode where they form [M -H] À ions and also adducts, for instance with chloride and formic acid. Acids, apart from those that contain other protonatable groups such as amine or ketone groups, generally show up best in negative ion mode. Positive ion spectra have much better signal-to-noise performance than negative ion spectra.
In addition to molecular ions, many compounds form adducts with components present in the mobile phase. In positive ion mode, adducts are commonly formed with acetonitrile, methanol, ammonia, sodium, potassium and calcium. In the negative ion mode they form with formic acid, acetic acid and chloride. While adducts are quite minor species, a minor adduct formed from an abundant compound can give a substantial peak relative to minor components in a mixture. Adducts both increase the richness of the data which can be obtained from mass spectral profiles and add to the difficulty of interpreting data. In addition to adducts there are additional contributions particularly from carbon-13, sulphur-34 and nitrogen-15 isotope peaks. Thus care has to be taken in unambiguous assignment of a compound to a particular mass peak. Figure 1A shows an extracted ion trace over a narrow range (0.001 amu) showing a strong peak with an elemental composition matching to within 1.6 ppm to dihydrobiopterin (DHB). However, Figure 1B shows that the trace corresponds to an ion adjacent to a much larger ion at m/z 239.106, in fact from HEPES buffer used in the culture medium for this particular organism. Of course DHB has a greatly different retention time from this peak, but this result indicates how direct infusion experiments (which are still used in conjunction with FT-MS) have to be interpreted carefully. In addition, standards are not always available and other means of validating data have to be adopted. For example, we have observed that complex environmental contaminants such as polyethylene glycol can give false positives since the masses of some of the complex series of adducts and isotope ions arising from PEG fall close to the masses of small peptides. The spectrum of PEG is easily recognizable and should sound alarm bells if it happens to co-elute with an exciting new biomarker. Of course it is possible to selectively remove environmental contaminants to a large extent and a wealth of solid phase extraction methods exist which can be used to clean up samples. However, in general it is desirable to manipulate metabolomics samples as little as possible, in case compounds of interest are selectively removed by the work up process. Cleanup can now be carried out within the instrument using high-field asymmetric waveform ion mobility spectrometer (FAIMS) [21, 22] . FAIMS is an ion focusing technology where ions generated from the ESI (or other ion sources) will migrate in the asymmetric field according to their charge, size and molecular shape [23] . Since its introduction in 1999, FAIMS has been developed to make use of for background minimization or isobaric resolution. A risk of running samples with a high background of abundant components in a matrix is that the abundant components will suppress the ionization of more minor components in the mixture [24] . The worst culprits for producing these types of effects are phospholipids, which are naturally present in most biological samples and plasticizers; and PEGs which are common environmental contaminants. Ion suppression in ESI can also be caused by electrolytes within the chromatographic mobile phase [25] .
Ion separation methods
Traps and quadrupoles. The most basic LC-MS systems are based on single quadrupoles and the cost of these instruments has fallen greatly in recent years. Even a single quadrupole instrument is capable of delivering complex information, particularly if combined with good chromatography, their main drawback is their limited ability to produce fragmentation information on compounds; and in addition they are limited to a resolution typically of about 0.5 amu. Thus a standard method of expanding the capability of a single quadrupole instrument is to use a triple quadrupole or tandem MS instrument. Tandem MS systems are the standard configuration for determination of drugs and their metabolites in pharmacokinetic studies, and they deliver the most sensitive analyses in terms of detection limits. They are also widely used in proteomics studies where the output is readily integrated with database searching. Ion trap instruments do not delivery the same level of sensitivity as triple quadrupoles but are complementary in that they can carry out multiple fragmentation experiments in order to provide more detailed structural information on a compound [26] .
Time of flight (TOF) instruments
The TOF analyzer has been available since the 1970s, with many refinements to the technology over time. Initially TOF was mainly linked to pulsed ionization techniques, such as matrix assisted laser desorption ionization (MALDI). This technique provided a very sensitive method for determining proteins and protein digests. MALDITOFMS has good potential in metabolomic profiling but has not yet been widely applied. Analysis in TOF instruments initially suffered from poor resolution due to variation in the kinetic energy of ions of the same mass leaving the source. The introduction of a device called a reflectron enabled better focusing of ions and double reflectron instruments have increased mass accuracy even further. Hybrid quadrupole TOF (QTOF) instruments have been developed over the last 15 years, in which TOF separation can be coupled to a continuous flow of ions such as that generated from chromatographic systems interfaced to an ESI source. Thus QTOFMS is one of the methods of choice in metabolomic analyses since it can deliver accurate mass data. The technology has been gradually improved with regard to the ability of instruments to deliver a wide dynamic range. Linear dynamic ranges of up to 10 6 are claimed as well as resolving power of around 3 ppm. There is a physical limitation to the resolving power of the instrument which is that greater resolution depends on longer flight tubes [27] . Table 1 summarizes the specifications for QTOF instruments.
Fourier transform ion cyclotron resonance (FT-ICR)
FT-ICR offers the highest resolving power and accuracy of all MS instruments to date [28] . The high resolution is indispensable where overlapping peaks can occur, such as when observing the content of a complex samples in a relatively narrow mass window, of which metabolomics is a conspicuous example [29] . Although FT-ICR offers superb sensitivity, the ion-ion interaction in FT-ICR forms a serious challenge as it decreases the dynamic range of measurement [28] . FT-ICR is based on measuring the frequency of oscillating ions. As frequency certainty can only be achieved by repetitive measurement, the ultra high performance of FT-ICR is time dependent [28] . That is why FT-ICR is tagged as a slow MS, rendering hyphenation to a continuous high flow source of ions (like chromatography) difficult. The ion separation technology is based on trapping the ions injected into the trap between an outer barrel-like electrode and an inner spindle-like electrode. The ions exhibit angular, radial and axial oscillations at frequencies all of which are mass-dependent [31] . The m/z is measured by the current image generated by the axial oscillation which is completely independent of energy and of the spatial spread of the ions [32] . This facilitates a fast accurate measurement of frequencies, which is well matched with the introduction of a continuous high-flow ion flux like the effluent of a chromatographic column [33] . The limit of detection of the instrument is excellent (at pmol/ml) due to the ability to measure small changes in the propagated current image [34] . Other advantages of the Orbitrap include very high resolution, due its ability to measure the image current with high accuracy and higher mass range, and better dynamic range compared to Paul traps and FT-ICR [31] . The Orbitrap suffers to some extent from the limitations of the FT-ICR instrument in that space-charge effects limit the number of ions that can be delivered to the trap and thus the dynamic range; however, in our experience dynamic ranges of $10 5 can be achieved. Like the FT-ICR instrument, time is required to obtain high mass resolution, so scanning rates have to be reduced in order to get good resolution; but in practice a resolution of 60 000 can be used with routine chromatographic techniques. However, very narrow chromatographic peaks such as those achieved by ultra high-pressure LC (UPLC) may require a reduction in resolution to permit frequent enough sampling of a peak across its width.
Although it has been on the market only for a short time, the power of the Orbitrap has been extended with addition of new technologies. Williams et al. [35] coupled the Orbitrap to a dual ion source which generated ions with both polarities. McAlister et al. very recently used the ion-ion interaction termed electron transfer dissociation (ETD) to characterize peptides and proteins with the Orbitrap. The technique uses a chemical ionization source to cause ionization/dissociation with a selectivity which is different from the widely used collision induced dissociation. The fragments can be transferred into the Orbitrap to generate measurements with its characteristic high accuracies [36] . This all was introduced with minimal instrumental modification. Olsen et al. described the introduction of background ions via direct injection into the C-shaped, RF only storage trap, prior to injecting parent ions originating from ion source and/or fragments induced in the linear trap. This background ion serves as an internal mass calibrant to enhance the measurement accuracy. Sub parts per million accuracy of parent ions, as well as fragments, was routinely achieved by using this technique [37] . The same group added later the HCD (high-energy C-trap dissociation) approach, where masses are fragmented by a collision gas introduced into the C trap with the loss of the lower mass range, or by an additional dedicated octopole collision cell at the far end of the C-trap [38] . Combining both efforts, de novo peptide sequencing was achieved with very high accuracy mass measurement. All of these refinements are potentially beneficial to metabolomic profiling. 
CHROMATOGRAPHIC CONSIDERATIONS
Reversed-phase chromatography is the most commonly used technique for analysis of metabonomic samples [38] . It is very useful for lipophilic compounds which elute in order of their lipophilicity. However, there is a disadvantage to reversedphase chromatography with biological samples, since lipophilic components such as phospholipids and environmental contaminants can accumulate and elute in subsequent runs causing interference [38] and ion suppression, unless a washout programme with high levels of organic solvent is included at the end of the run programme [28] . In metabolomic profiling, the resolving power of reversed-phase chromatography can be increased by using UPLC [39] [40] [41] [42] [43] [44] . UPLC has the advantage that higher chromatographic efficiency can be produced: a typical 1.7 mm column delivers about 2.5 times the efficiency of a 5 mm column [41] and, because of the flat van Deemter plot obtained with low particle size, very high flow rates can be used without compromising the efficiency of the separation. While fast separations can be obtained with small particle size columns, due limitations of pressure, the highest number of theoretical plates (peak capacity) can be obtained by connecting several 5 mm columns in series [45] the disadvantage of this approach is that run times are relatively long; but in biomarker discovery, high throughput analyses are less important than accurate identification. Many biomolecules are not well retained in reversed-phase chromatography, and thus polar amino acids such as glycine and alanine will elute in the void volume of most chromatographic columns-as will sugars. Elution in the void volume is not desirable because no true chromatographic information is available and also there is the risk of ion suppression since inorganic salts present in the biological matrix also elute in the void. Hydrophilic interaction chromatography (HILIC) provides an alternative to reversed-phase chromatography [46] . This option has been around for years without people appreciating it, in the form of aminopropyl columns which are commonly used in the analysis of sugars. There are a number of types of HILIC columns on the market; some are based on pure silica gel but the most retentive are based on bonding of zwitterions to the surface of the stationary phase (ZIHILIC). Both Sequant and Primesep sell these types of columns. Figure 2 shows extracted ion traces for some polar amino acids extracted from a pellet of trypanosomes run on a ZICHILIC (Sequant) column; these amino acids do not retain even on polar embedded C18 columns. Figure 3 shows some sugars, also extracted from a trypanosome pellet run on a ZICHILIC column, again these compounds are not retained by C18 columns. The poor peak shape for the hexuronic acid typifies a drawback for these columns which is that they do not retain many acidic compounds well, presumably since the sulphonic acid portion of the zwitterion is on the surface of the stationary phase and repels the negatively charged acids. In addition the ZICHILIC columns do not work very well for highly polar compounds such as ATP which simply do not elute from the column at all.
Data analysis and biomarker identification
The common feature of all platforms used for metabolomics is the generation of huge amounts of information per sample which necessitates continuous development of the informatics/bioinformatics side of the work. A common procedure in metabolomics research is the application of multivariate analysis models like principal components analysis (PCA), projection to latent structures (PLS), orthogonal PLS (O-PLS) and most recently squared orthogonal PLS (O2-PLS) in case of multi-omic studies. The chemometric methods used in metabolomics have been recently reviewed [47] .
GC-MS was employed in metabolomics and biomarker identification long before LC-MS, leading to better provision of tools which include mass spectra and retention index search software packages and libraries. Multiple libraries are available for GC-MS metabolomics, including NIST02, PRIMe and Agilent-Fiehn among others [17, [48] [49] [50] . The software packages differ in whether or not they support forward (untargeted) or restricted (targeted) searches. Lipids have also spectral search libraries, the largest of which is Lipidmaps [51] .
The assignment of potential biomarker peaks is still a challenge in LC-MS metabolomics even at a high resolution and an accuracy below 1 ppm [52] . LC-MS libraries are not available yet, mainly due to the difficulty of controlling the retention behaviour of compounds, which may vary between instruments, days of analysis and environmental conditions. High-resolution MS followed by queries of isotopic pattern and other formulae filters are useful for enhancing confidence in assignments [53, 54] .
EXAMPLES OF METABOLOMIC STUDIES IN NON-HUMAN/NON-PLANT SYSTEMS Animal models
In order to find reliable biomarkers of HIV-induced CNS damage Rhesus monkeys were inoculated with simian immunodeficiency virus (SIV). Samples of CSF were taken from monkeys before and after infection. After extraction samples were injected onto a 0.3 mm i.d. C18 column operated at a flow rate of 4 ml/min. The HPLC was interfaced to an Agilent TOF-MS instrument operated in positive ESI mode. Data mining revealed a total of 3687 features. Three different categories of molecules were elevated by SIV infection: carnitine and acyl carnitines, fatty acids and phospholipids. It was proposed that an elevation of fatty acids and lysophospholipids in CSF from SIV infected animals might result from an increased expression of phospholipases A1 (PLA1) and A2 (PLA2) in the SIV infected brain. RNA for PLA1 and PLA2 was found to be elevated in SIV infection. It is possible that the alterations in phospholipid metabolism may account for some of the neuropathic effects of the disease [55] .
The effects of the ginsenoside Rg3 on the urinary metabolome of tumour and non-tumour bearing rats was studied. A column switching system was used where samples of urine were loaded onto a HILIC column operated with high organic content in the mobile phase. Non-retained non-polar compounds were trapped on a C18 column during the first 2.7 min of the run. Elution of the HILIC column was completed while the non-polar compounds were focused on a second C18 column. After gradient elution of the HILIC column was complete, the non-polar components were eluted from the C18 column giving a total elution time of 52 min. The HPLC system was interfaced to an API Q trap. Seventeen biomarker candidates were detected and fourteen of these were identified following analysis by FTMS. It proposed that Rg 3 might exert an effect on gut microflora [56] . The effects of the flavonoids of sea buckthorn on control rats and rats with acute blood stasis. Analysis was carried out using a UPLC column interfaced with a QTOF mass spectrometer. Seven potential biomarker differences in urine were identified between the control group and disease group by comparison with data bases and following fragmentation experiments. They included: cholic acid, dihydroxy cholanate, phenylalanine, kynurenic acid, tryptophan and arginine. The sea buckthorn extract had no effect on the urinary metabolome [57] .
Urine samples from control rats and rats treated with acute and chronic doses of paracetamol were analysed by NMR and by using a UPLC coupled with a QTOFMS, and both techniques observed numerous changes in the urinary metabolome. Aside from multiple paracetamol metabolites, the following compounds were observed to change: hippurate, phenylalanine, phenyacetylglycine, pantothenate, pipecolinate, allantoin, indoxysulphuric acid, benzenediol sulphate, ferulic acid sulphate, gluconic acid, citrate and 2-oxoglutarate. Compounds were identified by accurate mass and comparison with standards. Many of the markers were consistent with mitochondrial damage [58] .
Ion mobility (IM) separations are analogous to electrophoresis in the gas phase and have great potential in metabolomic studies when in combination with TOF separations. Metabolomic analysis of rat urine was carried out by using an IM-QTOF instrument. A HPLC fitted with C18 column was interfaced with and ESI source and the ions generated then entered the IM drift cell and following separation in this mode entered the QTOF. Although IM might replace chromatography, in practice direct infusion into the instrument produced too much ion suppression. Confidence in the assignment of identity is gained from being able to assign both an IM drift time and a HPLC retention to a particular analyte [59] .
Water at high temperatures has improved ability to dissolve non-polar compounds and exhibits some of the properties of an organic solvent. Rat urine was analysed by using high temperature (HT) UPLC using two C18 columns and eluent from the columns was introduced into a QTRAP-4000 MS. Water containing 0.1% v/v formic acid was used as the mobile phase with the temperature rising to 180 C by 8 min., acetonitrile was introduced in a gradient up to 10%, the mobile phase flow rate was also increased from 0.25 to 0.54 ml/min.
The method was more satisfactory for urine samples than plasma samples as demonstrated by the increasing number of ions detected when compared with conventional HPLC [42] .
The metabolism of the alkaloid (AE) arecoline 1-oxide (AO) which is present in areca nuts, chewed as a stimulant by up 600 million people worldwide was investigated. AO was administered to six mice and urine was collected over 12 h. Samples were analysed using a UPLC interfaced to a QTOF MS. A total of 14 metabolites of AO (many novel) were identified in rat urine by chemometric analysis of the data [60] .
NMR and UPLC QTOF MS were applied in the metabolomic profiling of the effects of the cholesterol lowering drug pravastatin. The drug was administered to rats and urine from the animals was collected for analysis. Several ions contributed to the metabolic changes due to pravastatin and one of the ions was identified as being due to glycochenodeoxycholate. NMR revealed decreases in urinary hippurate, citrate, a-ketoglutarate and succinate in response to pravastatin. Taurine and creatinine were elevated in response to treatment. Metabolic alterations were viewed as being indicative of hepatotoxicity [61] . A series of pioneering papers based on HPLC or UPLC separation in combination with QTOFMS and with NMR profiling have been produced by Wilson and Plumb and their various co-workers and the paper discussed above is but one example. This substantial body of work really laid the foundation for current state of the art and examples are discussed below. Urine from lean and obese rats was compared and it was found in obese rats taurine, hippurate and formate were elevated while in the lean rats relatively higher levels of a-ketoglutarate, succinate and acetate. Both diurnal variations and gender differences were reflected in metabolite profiles [62] . NMR in combination with HPLC-QTOFMS was able to detect nephrotoxicity induced by cyclosporin A. Markers of toxicity detected by LC-MS included citric acid, 3-hydroxyphenylpropionic acid sulphate and ferulic acid sulphate [63] . Several earlier papers by explore similar themes, e.g. [64] [65] [66] .
FT-ICR was used to study the human plasma and mouse serum metabolome. Human plasma was obtained from healthy adults. The toxicity of trichloroethylene and ethanol in mice was also assessed by analysis of serum from the animals. Extracts were analysed by MS via direct infusion (DI) into an apex-Qe Qq-FTICR mass spectrometer. For elemental matching metabolites between 90 and 570 Da 51 ppm were considered with an elemental balance of unlimited C, H, O and N and two S, three P, two Na and one K per formula. Chemically reasonable formula generated with the above constraints were matched against KEGG, the human metabolome data base and the Lipid Maps Database. The human plasma extracts showed 570 features and general mass accuracy of 50.65 ppm. In conjunction with metabolite data bases it was possible to identify many metabolites on the basis of their accurate mass alone. About 100 metabolites were identified in human plasma, the dynamic range of detection was around 750. In the mouse serum samples 298 metabolites could be observed in positive ion mode and 133 in negative ion mode. The advantage of DI is rapid throughput but the disadvantage is the potential for ion suppression effects to occur [67] .
Transgenic mice expressing hepatitis-B antigen were studied in order to understand how these antigens can cause liver damage. Livers from transgenic mice and control mice were extracted and analysed by LC-MS. PCA and database searching revealed 12 biomarkers distinguishing the livers of the transgenic mice from the control livers. The metabolites observed related to effects on lipid metabolism and to increased oxidative stress [68] .
A metabolomic approach was taken in the study of a mouse model of hepatic steatosis. One group of mice was fasted and the control group was allowed free access to food. LC-MS was used to determine variations in lipid composition within the liver between the two groups. After 24 h of fasting it was observed that two triglycerides (TGs) 44:2 and 48:3 were greatly elevated in the livers of the starved mice, in addition an unusual TG 49:4 appeared in the livers of starved mice and might be useful as a biomarker for the treatment of metabolic syndrome. In addition there was a large fall in a number of phosphatidyl choline lipids in the livers of starved mice particularly 38:6 and 34:3. Sphingolipids were unaffected [69] .
The ability of the phenolic compound catechin to counteract the effects of a high fat diet was studied in the rat. Rats were fed on a high fat diet either with or without catechin. Urine from the rats was analysed on a C18 column coupled to a QTOF mass spectrometer. Principal component analysis (PCA) indicated the catechin and noncatechin treated groups could be distinguished.
Sixteen potential markers could be identified, and of these the metabolites deoxycytidine, nicotinic acid, 2,4-dihydroxyquinoline and pipecolinic acid were found to be the most important. Increased levels of nicotinic acid in urine were observed to be a consequence of the high fat diet, possibly reflecting alterations in energy metabolism and, most notably, catechin supplementation reversed this [70] .
MALDI TOF/TOF MS was used to profile metabolites in mouse heart. Stable isotope labelled internal standards: acetyl-CoA-13 C 2 , ATP-13 C 10 , 15 N 5 , AMP-13 C 10 , 15 N 5 , succinic acid-d4, lactate-13 C and pyruvate-13 C were spiked into the heart tissue before homogenization. Analysis of extracts was carried out in negative ion mode using aminoacridine as a matrix and 285 water-soluble metabolites were identified. Adjustment of the pH of the MALDI matrix played an important role in the results obtained. Figure 4 shows the effect of acidic, basic and neutral conditions on the spectral region between m/z 220 and 405. In addition to providing rapid profiling of energy metabolites in heart tissue by MALDI TOF the use of MALDI TOF 2 enabled deconvolution of isobaric compounds. For instance, ATP and dGTP could be separately identified, based on the mixed fragmentation pattern generated from the ion corresponding to both of them. The use of internal standards enabled quantification of a number of metabolites. Table 2 shows the quantities of six energy metabolites in mouse heart. The paper presents MALDI TOF 2 as a rapid technique for profiling metabolomes without the need for chromatographic separation. In addition the technique works well with many compounds which do not ionize very well under ESI conditions [71] and thus is a very complementary technique.
In order to define a set of urinary biomarkers that could be used to determine the efficacy of peroxisome proliferator-activated receptor (PPAR) agonists, a study in wild-type (WT) and ppar-null mice was carried out. Urine was analysed by UPLC interfaced with a QTOF instrument. PCA of the urinary metabolome identified about 100 ions which contributed to the separation between WT and pparnull mice. Of these ions, 12 compounds in the top 18 most significant ions were identified. The top two compounds initially appeared to be cortisone and hydrocortisone on the basis of elemental composition; but comparison with standards and MS/MS spectra indicated that they had different structures. A standard was synthesized and confirmed that the isomer of cortisone was the 21-carboxylic acid of corticosterone and the compound with a mass corresponding to that of hydrocortisone was due to the reduction of the 20-oxo group in this compound. Other compounds increased in the urine of WT mice included: hippuric acid, hydroxyquinoline glucuronide, nicotinamide and nicotinamide N-oxide. Compounds which were lowered by treatment included hexanoyl glycine, phenylpropionyl glycine and cinnamoyl glycine. These findings are in part expected from the stimulation of PPFAR but the observation on corticosterone metabolism was not expected and indicates the power of a good model system in combination with high-resolution MS [72] .
GCÂGC TOF was used to profile metabolites in lean versus control mice. The tissues were extracted and extracts were dried and converted to MO/TMS derivatives. Various statistical routines were used to evaluate the data. The compounds which were most elevated in obese mice included hypoxanthine, myristic acid, octadecenoic acid, ornithine, creatinine, glucose and oxamic acid. Succinic acid was elevated in lean mice compared with obese mice [73] .
Mammalian cell cultures
Rat brain cell cultures were treated with varying amounts of mercuric chloride or caffeine. Treated cells were extracted with water and each extract was injected into a tandem MS system. Mercuric chloride treated samples exhibited clear concentration dependent clustering by PCA analysis but although caffeine treated cells could be differentiated from untreated cells there was no clear concentration dependence. Fifty-eight putative biomarkers were identified by either FT-MS or QTOF MS. It was found that mercuric chloride caused a dosedependent decrease in GABA and acetyl choline, but produced an increase in creatinine and glutamine levels up to cytoxic levels where they then decreased. Spermine levels increased in the cells when mercuric chloride reached cytotoxic levels. Caffeine treatment decreased creatinine levels and increased spermine levels in a dose-dependent manner [74] .
A lymphoblastic cell line was used to assess the effects of g-radiation. Cell pellets were extracted and then analysed by UPLC on a C18 column interfaced to a QTOF instrument. After irradiation. 188 constituents were observed to be down-regulated in cells subjected to radiation including: GSH, 5-oxoproline, AMP, nicotinamide, guanine, UMP, NADþ and spermine. These metabolites indicate oxidative stress and possibly DNA repair. Many as yet unidentified upregulated metabolites were also observed [75] .
Insects, worms and other invertebrates
Metabolomic profiling of WT Drosophila melanogaster and rosy (ry) mutants was carried out using HILIC chromatography interfaced to an Orbitrap mass spectrometer. The ry mutant lacks xanthine oxidase and thus cannot metabolize purines through to uric acid. MS results were able to confirm what was known from classical work on the accumulation of xanthine and hypoxanthine; but in addition that the techniques was sufficiently sensitive to detect perturbations in metabolites much further from the lesion; for example, levels of guanine related metabolites including the biopterins increased. Figure 5 shows the effects of the lesion on metabolites close to its site. Also there were unanticipated effects on other metabolic pathways with (for instance) levels of glycerophosphocholine being elevated 15-fold in ry which could be attributed to the osmotic stress suffered by the flies as a consequence of being unable to eliminate nitrogen in the form of uric acid [76] . GC Â GC-TOFMS provides an excellent method for determination of ecologically significant biomarkers. The freshwater amphipod Diporeia was exposed to increasing levels of the herbicide atrazine in order to mimic environmental stress and also Diporeia metabolic profiles were compared between organisms collected from a stable freshwater population (Lake Superior) and a declining population (Lake Michigan). Extracts were converted to ethoxime/TMS derivatives. In atazine treated Diporeia and control samples 302 metabolites were detected; 35 of these metabolites were significantly up or down regulated between the two groups and five of the affected metabolites could be identified. The most significantly upregulated metabolite was the insect pheromone heptacosane followed by 9,12 octadecadienoic acid, urea and nonadecane. The only identified downregulated metabolite was Laspartic acid. The lake 76 metabolites were detected in the Lake Michigan versus the Lake Superior population. The most significantly upregulated metabolites identified within the declining population were hexadecane, phosphoric acid, octadecanoic acid and hexadecanoic acid. Downregulated metabolites were propanoic, hexanedioic, 1,2 benzenedicarboxylic and tetradecanoic acids [77] .
The metabolic changes induced in the earthworm Lumbricus rubellus by exposure to varying levels of pyrene were studied by GC-MS. Extracts were analysed both by NMR and GC-MS. For GC-MS analysis the dried extracts were derivatized to form MO/TMS derivatives. PLS models indicated that increasing doses of pyrene were associated with decreasing levels of fatty acids and decreasing levels of amino acids in the worms suggesting reduced food intake and increased breakdown of muscle proteins [78] .
The metabolic changes which allow the larvae of the Antarctic midge Belgica antarctica to adapt to extreme conditions of heat and humidity were investigated by using GC-MS. The residue from after filtration was treated to produce a MO-TMS derivative. One hundred and forty one metabolites were observed which were mainly sugars, amino acids, short chain organic acids and fatty acids. The most significant metabolic changes were as follows:
Heat shock caused elevation of ketoglutaric acid and putrescine and depression of glucose, glycerol and serine. Freezing caused elevation of alanine, aspartate, erythritol, glycerol, mannitol, succinate and urea and depression of glycine and serine. Dessication caused elevation of erythritol, GABA, glycerol, glycerophosphate, isocitrate, nonanoic acid, norvaline and succinate and depression of aspartate, serine and sorbitol.
The changes indicated that stress responses were tailored to the particular stress applied and serine which was common to all three stress conditions could be used a general marker of stress response [15] .
A similar study to the one described above was carried out on flesh fly larvae using GC-MS to observe metabolic changes during cold hardening, which enables flies to survive low temperatures. Out of 159, 62 chromatographic peaks could be identified. It was found that in cold hardened flies glutamine, alanine, glycerol, glucose, sorbitol, pyruvate, cystathione and urea were elevated whereas b-alanine, ornithine, trehalose and mannose were depressed. In the diapausal pupae large elevations in alanine, glucose, pyruvate and glycerol were observed and marked falls in isocitrate, sorbitol, aspirate, phenylalanine, proline, tyrosine and fumarate were observed. In the cold hardened flies glycerol and glucose are produced as osmolyte protectants which had a knock on effect on the glycolytic pathway. In the diapausal pupae a similar picture was observed with even more marked increases in the osmolyte glycerol but with reduced activity in the Krebs cycle compared with cold hardened flies marked by large increases in pyruvate but marked falls in the Krebs cycle intermediates isocitrate and fumarate [79] .
Ammonia metabolism in Aedes aegypti is important since the female mosquito mainly uses the amino acids present in her blood meal as a carbon source for energy metabolism and lipid biosynthesis. The consequence of using amino acids in this way is that large quantities of ammonia are produced as a by product and the mosquito must have an efficient mechanism for ammonia detoxification. In order to investigate this process tandem MS was used in conjunction with feeding of 15 NH 4 Cl, [5- 15 N]-glutamine or [2,5- 15 N 2 ]-glutamate to the mosquitoes. 15 NH 4 Cl was rapidly incorporated into glutamine following feeding and this was followed by an increase in 15 N-glutamate where the labelled ammonia fixed by incorporation into glutamine was transferred to ketoglutaric acid. The labelled glutamate was then converted to 15 N-proline (and to a lesser extent 15 N-labelled alanine) which persists for a long time after feeding thus acting as a storage molecule for nitrogen. The high activity of the glutamine synthase enzyme appears to be key to the mechanism for ammonia detoxification [80] .
Nitrogen metabolism was further studied in Aedes aegypti mosquitoes by feeding 15 NH 4 Cl, [5- 15 N]-glutamine or [ 15 N]-proline. It was found that all these substrates resulted in the production of urea labelled at one position. Inhibitors of xanthine dehydrogenase and glutamine synthetase inhibited labelling of urea by 15 NH 4 Cl indicating the urea synthesis proceeds via glutamine and uric acid biosynthesis. Uric acid in mosquitoes fed 15 NH 4 Cl or [5- 15 N]-glutamine became labelled at two positions. Fragmentation experiments indicated that one of the 15 N-atoms was at position one or three in uric acid and the other was probably at position nine. Feeding unlabelled allantoin and allantoic acid to the mosquitoes fed the labelled compounds at the same time diluted the 15 N-label in urea indicating that urea can originate from these intermediates. Thus, it would appear that 15 NH 4 Cl is incorporated into [5- 15 N]-glutamine which is further metabolized via uric acid to urea. Formerly it was thought that urea in mosquitoes was produced from arginine via the action of arginase, however, the alternative pathway via uric acid also occurs and is probably an important mechanism for removing nitrogen derived from deamination of amino acids following the female mosquito's blood meal [81] .
A combination of proton NMR spectroscopy and GC-MS was used to examine metabolic changes in the nematode Caenorhabditis elegans following the deletion of nuclear hormone receptor-49 (nhr-49). It has been proposed that this receptor is related to PPARs in mammals. Thus C. elegans lacking the nuclear hormone receptor-49 was compared with a a-PPAR null mouse model. An aqueous extract was analysed by NMR and an organic extract was analysed by GC-MS after methylation with BF 3 -methanol. It was observed that there were increases in lactate, alanine, leucine and decreases in lysine, glucose, malonate and aspartate in the mutant worms. In addition, a-linolenic acid, arachidonic acid (AA), nonadecanoic acid, dihomo-g-linolenic acid, heptadecenoic acid, g-linolenic acid and docosanoic acid were elevated in the mutant worms. There were a number of common metabolites also elevated in the a-PPAR null mouse livers. A PLS model was built to compare the worm and mouse models. The overall conclusion was that nhr-49 had a role in regulating lipid synthesis, b-oxidation of fatty acids, glycolysis and gluconeogenesis in a similar manner to the metabolic regulation effected by the PPAR-a receptor in mouse [82] .
Caenorhabditis elegans has 75 genes associated with cytochrome P450 (CYP450) enzymes. The functions of these enzymes are largely unknown. In order to determine whether or not some of the CYP450s were involved in metabolism of eicosapentaenoic acid (EPA), microsomes were isolated from the untreated worms and worms which had been treated with fenofibrate and were presented with [
14 C]-EPA as a substrate. HPLC with radiochemical detection revealed that a number of epoxidated and hydroxylated products were formed and that these were higher in worms treated with fenofibrate. When inhibitors of CYP450 were added to the microsomal incubations, metabolism of EPA was reduced. In order to narrow down the CYP450 involved in EPA metabolism RNA silencing was applied by feeding the worms Escherichia coli strains producing double stranded RNAi corresponding to a range of P450 genes in pools which were capable of knocking down about 6 CYP450 genes at a time. Using this approach cyp-29A3 or cyp-33E2 could be proposed as being required for EPA metabolism. Tandem MS in the negative ion mode was used to determine EPA metabolites in whole worms. A full range of epoxidated and hydroxylated metabolites of EPA and AA metabolites could be detected and quantified in the worms. Fenofibrate strongly induced EPA metabolism but not AA metabolism [83] .
An early example of metabolomic profiling in insects is provided by the application of pyrolysis GC-MS to the profiling of melanin in black, grey and yellow strains of Drosophila. The melanin pigment breakdown products from the three strains were compared with synthetic DOPA melanin. Pyrolysis products included pyrroles, indoles, phenol, catechol, pyridine, toluene and benzene. The relative levels of these products differentiated the Drosophila melanins from synthetic melanin but did not clearly distinguish between the black and grey strains of Drosophila. The yellow strain of Drosophila yielded melanin with a high pheomelanin content which was readily distinguishable from the other melanins because it yielded sulphur compounds including: methanethiol, benzomethanothiol, 2-propyl-1,3-dithiolane and 3-hydroxybenzothiazine [84] .
Bacteria and protozoa
As useful review on applications of MS and associated techniques in microbial metabolomics has recently been published [85] .
Related bacterial species isolated from grassland were cultured at 20 C or 25 C. Both the extracellular medium and the intracellular metabololites were extracted. The dried extracts were ethoximated then trimethylsilylated and analysed by GC-FID and GC-MS. In total 94 extracellular and 86 intracellular metabolites were detected. The compounds which contributed most to the difference between the extracellular profile for the strains included fructose and citric acid and to a lesser extent b-phenyllactic acid, glutamic acid, isocitric acid, myo-inositol and ribitol. The main contributions to variations in intracellular profiles were: glutamic acid, glutamine, proline, cadaverine, aspartic acid and butyric acid. Culture temperature caused variations in the intracellular metabolites myristic acid, putrescine and glutamic acid as well as inducing temperature-specific metabolites such as aminobuytyric acid in Erwinia species and malic and pyruvic acid in Anthrobacter species The extrametabolome showed more temperature specific discriminatory metabolites such as: xylulose, threitol, arabinofuranose, glucosamine, galactonic aicd, phosphoric acid, hydroxyglutaric acid and succinic acid [86] .
Desorption electrospray ionization MS (DESIMS) involves ionization of the sample deposited on a surface using a fined spray of charged droplets. DESI was used to investigate central carbon metabolites in E.coli either unlabelled or uniformly labelled by incubation with [U-
13 C] glucose. Extracts were deposited on a Teflon surface and ionized with a Prosolia Omnispray interface fitted to a LTQ iontrap instrument operated in the negative ion mode. Extractive electrospray ionization (EESI) was also carried out using the same instrument. This technique sprays the sample and a reagent into the instrument at the same time and monitors the reaction products. Using DESI central carbon metabolites could not be readily identified and the major peaks observed were due to phospholipids. However, 13 central metabolites could be identified from fragmentation experiments and by comparison with ESI analysis of the extracts, DESI proved rather better at picking up extracellular central carbon metabolites. The labelled metabolome was difficult to interpret because of overlap between labelled compounds and other components in the extract. The EESI method showed some promise and specifically produced cyclic products formed between the reagent and carboxylic acids with an a-hydroxyl group [87] .
Phenotypic characterization of mutants Clostridium proteoclasticum was carried out by using GC-MS. Extracts were treated either to produce MO/TMS derivatives or carboxymethyl derivatives of metabolites. Seven mutant strains were studied, the nature of the genetic mutation is not completely known although it might be associated with polysaccharide depolymerization. Three of the mutants exhibited simiar profiles showing reduced extracellular levels of galacturonic acid and xylose. The clearest alteration in metabolic profile was shown by the mutant M160 which had marked alterations in its metabolic profile of sugars and sugar derivatives. This mutant had a mutation in an intergenic undefined region of the genome, possibly the diguanylate cyclase gene. It was concluded that metabolomics was unlikely to give a complete answer to the definition of gene function but it had the potential to generate hypotheses as the basis of new experiments [88] .
The sulphate-reducing bacterium Desulfovibrio vulgaris was grown in culture medium containing [1- 13 C] lactate as the sole carbon source. The amino-acid content in the biomass was analysed by GC-MS following hydrolysis of the biomass from the culture. The culture supernatant and hydrolysed biomass were also analysed by FT-ICRMS. The clearest results were obtained from the FT-MS analysis. The flux analysis examining the position of the 13 C label was able to confirm the presence of an atypical citrate synthesis pathway in the bacterium, the absence of a fluxes through the 2-oxoglutarate succinate, the glyoxalate shunt and the malate to oxaloacetate pathways [89] .
A platform based on GC-MS and LC-MS in combination with validated work-up procedures was developed in order to obtain maximal coverage of the E. coli, Saccharomyces cerevisiae and Bacillus subtilis metabolomes. Cells were quenched in methanol at À45 C. The analytical methods employed GC-MS analysis of MO/TMS (OS-GC-MS) derivatized extracts, GC-MS with derivatization with butylchloroformate for volatile organic acids (VAC-GC-MS), LC-MS was carried out with an LTQ Orbitrap MS system in conjunction with either separation on a HILIC column (HILIC LC-MS) or with ion pair chromatography (IP-LC-MS). The number of metabolites detected by the different methods was compared with the number deduced from the genome. Table 3 shows the metabolites observed by the different analytical methods, many of the metabolites observed were unique to the particular organism. The most abundant metabolites were sugars and sugar phosphates (150) nucleotides (146), organic acids (129) and amino acids (80) . The coverage did not include phosphor-and other lipids [90] .
A CE-TOFMS method was developed for the analysis of metabolic fluxes in E.coli. Cultures were labelled with a mixture of [1- 13 C] glucose and [U- 13 C] glucose. Extracts from the cultures were monitored using GC-MS after conversion to tertiary butyldimethylsilyl derivatives and by CE-TOFMS. The CE-TOFMS method proved more rapid and convenient than the established GC-MS method for carrying out metabolic flux analyses [91] .
E. coli and S. cerevisiae were grown on nitrocellulose filters. Cultures were quenched with methanol at À75 C. Analysis was carried out on a aminopropyl column at pH 9.4 interfaced with a triple quadrupole MS. The response of 68 metabolites to nutrient starvation was monitored. In response to carbon starvation in yeast there was a rise in c-AMP which did not occur in yeast. Levels of phosphoenyl pyruvate rose in both E. coli and yeast in response to starvation. Levels of fructose 1,6 bisphosphate fell in both organisms in response to carbon starvation. Nitrogen starvation resulted in a marked fall in glutamine in both organisms, but had little effect on glutamate levels. Ketoglutarate levels were greatly increased in response to nitrogen starvation. Biosynthetic intermediates involved in pyrimidine and purine synthesis dropped rapidly in both organisms in response to carbon starvation. The analytical technique allowed a global view of metabolism to be developed in which classes of metabolites formed clusters which were highly correlated with each other. A major difference between yeast and E. coli was that TCA cycle compounds increased during starvation in yeast but fell in E. coli [92] .
IMMS was used to profile the metabolome of E. coli. Extracts were directly infused into the MS. Comparison was carried out with a GC-MS analysis of the MO-TMS derivatives of the extracts. Only 22 major metabolite peaks were observed in the GC-MS analysis. Direct infusion ESIMS revealed around 160 possible metabolites. Use of IM separation prior to introduction into the mass spectrometer produced a series of MS scans over 25 ms and about 186 possible metabolite peaks were observed. Many groups of three or four isobaric compounds could be separated by IM. The resolving power of IM was similar to that of capillary GC and much higher than LC and separation could be accomplished in a fraction of the time required for chromatographic methods. Variation in the gas used in the drift tube could also be used to change the separations obtained [93] .
Three extraction methods were investigated for their suitability for quenching and extracting metabolites from E. coli cultures. The extracts were converted to TMS-MO derivatives and then analysed by GC-TOFMS. The largest number of peaks was observed when the cells were quenched with either 60% aqueous methanol or 60% aqueous methanol/tricine solution at À48 C. Using hot ethanol as an extraction medium decreased the number of peaks observed. Extraction with KOH was better for recovery of organic acids while methanol/chloroform extraction was most suitable for lipids. Although no extraction method gave perfect recovery when compared against the other methods, 60% aqueous methanol at À48 C appeared to give the most comprehensive coverage [87] .
Metabolomic profiling of procyclic Trypanosoma brucei compared growth with glucose as the major carbon source and growth in a glucose-depleted medium where some of the glucose was replaced by proline as a carbon source. Analysis of extracts from the cell pellets was carried out using hydrophilic interaction chromatography interfaced to an Orbitrap FT-MS system. Automated data processing using Sieve 1.1 software gave some indication of interesting metabolic changes but manual data processing was required to extract the maximal amount of information. The most unexpected effect of the switch from glucose as a carbon source to proline was that the levels of glutathione in the cells increased greatly. HILIC chromatography proved to be useful for getting retention of polar compounds such as glutathione and a signature metabolite of trypanosomes tryanothione. Figure 6 shows chromatograms for glutathione and trypanothione extracted from glucose and proline grown trypanosomes. The chief difficulty in working with such cultures is the variability which can be introduced during the preparation of the cultures for extraction and the contribution to analytical results from the culture medium [94] .
Yeast
An investigation of different quenching techniques used to extract yeast cells was carried out. The metabolic profile of the cells after extraction was investigated by LC-MS/MS and GC-MS. A standard method for rapid quenching of yeast cells while preserving the intracellular metabolome is to mix 1 ml of culture broth with 5 ml of methanol/ water (40:60) at À40 C. The cells are then pelleted by centrifugation and the pellet extracted with boiling ethanol. Different methods of extraction were tested using the 13 C-labelled metabolome as an internal standard. Prolonged contact of the cells with the quenching solution was found to cause slow leakage of metabolites from the cells. The effect of including buffers with the quenching solution was tested but they generally promoted leakage of representative metabolites. Better recovery of metabolites was obtained upon extraction with methanol/water (8:2) at À40 C. The final conclusion was to avoid leakage cultures should be harvested into pure methanol at À40 C or below with a sample to quenching ratio of 1:5 or lower [95] .
The selenium fraction from yeast was investigated in order to characterize the complete selenium metabolome in selenium rich yeast. The sample was analysed by HILIC using a TSK-gel amide column interfaced to an Orbitrap FT-MS system. The Orbitrap system was operated with internal lock masses and it was possible to pick out the singly and doubly selenised compounds according to their typical isotope pattern. This would not have been possible with the lower resolution available on a TOF instrument. Nine selenised compounds were identified in the extract and MS n proved essential in getting unambiguous identification of their structures [96] .
Metabolite cycling in yeast was studied by using GC Â GC-TOF-MS. Samples from yeast in culture were taken every 25 min for 10 h. Extracts were converted to MO-TMS derivatives. Significant metabolites were identified according to S ratios based on the ratio of the maximum to the minimum peak area for a metabolite during culture. These were the metabolites undergoing greatest fluctuation during the period of the culture. Metabolite cycling could be classified into approximately four groups according to this analysis [19] . The ground work for the study described above was reported previously by the same group [97] , in this study interesting observations were made on metabolic control when cells grown with glucose as a carbon source (fermenting cells) and cells grown with ethanol as a carbon source (respiring cells) were compared.
A CE-MS method was developed for the analysis of 23 sulphur-related cationic metabolites in yeast. Yeast cells were exposed to 300 mM cadmium chloride. A quantitative method was developed by using the method of standard additions using the 23 target compounds. The most marked effect of cadmium stress was a depletion of glycine and a marked increase in the levels of O-acetylserine, g-glutamylcysteine and glutathione [98] . 
CONCLUSION
This review has covered both the useful technologies for metabolomics, and examples of its application from model animals to simple organisms. It should be clear that there is still not a single metabolomic technology. However, a reasonably comprehensive view of a metabolome can be obtained with relatively few distinct technologies. The drivers for metabolomic approaches have come from opposing directions: yeast, systems approaches allow elegant experiments to be performed on genome-wide mutant panels, and metabolite measurement is one of the very few functional readouts available. In contrast, metabolomics approaches are employed in medical research, both for biomarker discovery and for pharmacodynamics. A large middle ground, that of simpler animals, remains under-explored.
